Abstract. In this paper, the out-of-plane response of infill walls is investigated by means of non-linear monotonic (push-over) analyses through
INTRODUCTION
Masonry walls are widely used as infills in steel and reinforced-concrete (RC) frame structures. The failure of infills, which may develop both in-and/or out-of-plane, may cause casualties and heavy socio-economic consequences.
Recent earthquakes have shown that the out-of-plane failure of infills can occur even for moderate intensity of the ground motion [1, 2, 3] . For this reason, the interest in the out-ofplane behaviour of infill walls has been growing in the last years. A number of experimental tests have been performed by different investigators to assess strength and ductility of infill masonry walls loaded in the out-of-plane direction [4] . Moreover, several analytical models have been developed for the assessment of the out-of-plane response of masonry infills [5] . Most of them are based on rigid body mechanisms [6] , either with or without the description of the arching behaviour.
More complex modelling is performed when numerical solution methods are adopted. These approaches involve either a smeared-crack or a discrete-crack modelling. The former is usually adopted to model the global behaviour of a structural system, while the latter is used to model the actual interaction between adjacent elements. The discrete-crack modelling can realistically predict the structural response when the crack pattern follows the locations of mortar joints [7] .
The finite Element (FE) method has been applied more extensively to predict the in-plane behaviour for infills with [8] or without [9] openings. Some numerical studies are performed through the software DIANA [9, 10] . ANSYS software has been used by several researchers as well [11] ; Mohyeddin et al. [12] have developed a three-dimensional FE model of infilled RC frames at a micro-level, showing that the model can be employed to interpret the response of the infilled frame under in-or out-of-plane loading over a wide range of drifts, allowing a parametric/sensitivity analysis [13] .
Two classes of models can be identified [14] : discrete-crack modelling, including unit and joint model, with detailed micro modelling, where the material properties for the different components are generally taken from experiments [13, 14] ; smeared-crack models, either weak or strong, for which a Total Strain Cracking Model is used to represent the material behaviour of the masonry [10] or macro-modelling of the masonry based on concrete smeared cracking and damaged plastic material (Concrete Damaged Plasticity model in Abaqus) [15] .
A FE model is used to evaluate the out-of-plane capacity of an infill wall surrounded by a RC frame [10] with 3D curved-shell elements for both frame (8-node) and interface between infill and frame (6-node); mortar and unit-mortar interface are smeared out in the continuum. For the compressive and tensile behaviour of masonry the concrete material in the FE software DIANA is used. Two models are considered, depending on the boundary conditions of the infill wall, the first one representing two-way arching action, whereas the second represents one-way action.
FE modelling has been used also for the analysis of retrofitted infill masonry under out-ofplane loads [16] , with simplified micro-modelling, where units are represented by continuum elements, mortar joints by interface elements, and reinforcing bars by truss elements; a more simplified FE model with equivalent vertical bars have been studied as well, in order to evaluate the sensitivity to modelling parameters. In this case the presence of the retrofitting reduces the sensitivity to variations of the material constants, which is usually rather high.
In this paper, the out-of-plane response of infill walls is investigated by means of nonlinear analyses through a combined finite and discrete modelling approach. The results of the numerical analyses are compared with those of experimental tests available in the literature.
MODELLING ASPECTS
In order to reproduce the main characteristics of the response of different specimens of infill walls tested in the out-of-plane direction, several models are implemented using the LS-DYNA software package [17] , which is a finite-discrete element code capable of simulating three-dimensional problems. This code is used here, within an ANSYS environment, to numerically reproduce the results of experimental tests.
A combined finite and discrete modelling approach is used. Units are modelled as linear elastic 8-node solid elements with a single integration point. The major disadvantage of onepoint integration is the need to control the zero-energy modes that arise, called hourglassing modes, which might enlarge and destroy the solution. A Flanagan-Belytschko stiffness-type stabilisation is used here [18] .
Mortar is not explicitly considered in the model; instead contact interfaces are used. Contact interfaces allow the transmission of both compressive and tensile forces, moreover a tangential motion with friction sliding is permitted. Frictional sliding occurs when the frictional stress limit is reached. In tension, the contact interface failure criteria is based on the normal tensile stress limit. In compression, to avoid the penetration between nodes and contact surface, the standard penalty method is used. The method consists in placing normal springs between all penetrating nodes and the contact surface. The interface stiffness depends on the stiffness of the materials that are in contact and on a scale factor, named penalty factor.
With the aim of comparison, FE models resorting to a smeared-crack approach are also implemented. In these cases, the contact surfaces are used only at the interface between the masonry panel and the surrounding structure.
Vertical loads are first applied to the system. Static or quasi-static processes can be simulated resorting to dynamic relaxation or to mass damping to eliminate dynamic oscillations. Preliminary analysis have shown that, for the cases at hand, the two methods give equivalent results. To avoid high frequency oscillations during the application of the gravity loads, these are applied slowly from zero to gravity acceleration. Afterward, horizontal displacements are applied in the out-of-plane direction.
Material modelling
Different types of material have been initially examined for modelling units: linear elastic (MAT_001), Winfrith smeared-crack concrete model (MAT_084/085), smooth-surface cap model (MAT_159), damage-plastic concrete model (MAT_273).
The linear elastic material (MAT_001) is particularly suitable when no damage is expected in the units, both in tension and compression, i.e. when the cracks pattern follows the joints. The use of this material requires the definition of a very limited number of parameters and allows to reduce the computational effort. However, given that the out of plane failure of infills may occur due to excessive compression in the units, a non linear material is more adequate to represent the actual behaviour.
The Winfrith material model (MAT_084-085) is a smeared-crack model developed in [19, 20] . The mechanical parameters that have to be defined are initial tangent modulus, Poisson's ratio, uniaxial compressive and tensile strengths. Moreover, a volumetric strain versus volumetric pressure curve is required. If the curve is omitted, a default pressure versus volumetric strain curve is automatically used. The Winfrith material includes also the option of considering reinforcement in a smeared fashion.
Material type 159 (MAT_159), which is available for solid elements, is a smooth-surface cap model, i.e. with a smooth intersection between the shear surface and the hardening cap [21] . This material has been created to reproduce accurately the response of concrete subject to impact loads. Many parameters, such as moduli, strengths, hardening, softening, and rate effects parameters, must be supplied, otherwise default values are provided. Default parameters are fit for unconfined compression strengths between about 20 and 58 MPa and aggregate sizes between 8 and 32 mm and, therefore, are not suitable for the modelling of masonry. Given the difficulties in calibrating the parameters (more than thirty) with the experimental tests available for masonry materials, this material type was not used.
The damage-plastic concrete model (MAT_273) is based on the studies in [22] [23], and is aimed to simulate the failure of concrete structures subjected to dynamic loads. The model is based on effective stress plasticity, with damage based on both plastic and elastic strain measures. The definition of the model requires a large number of parameters, but several of them are directly related to one another by explicit expressions. Other parameters can be determined from certain assumptions, or taken by their recommended default values [22] , so that a limited number of material properties must be specified.
With the aim of highlighting the differences between these materials, a simple two-blocks model has been tested under compression (Figure 1) . Input data are reported in Table 1 . As already noted, values of the compression strength lower than 20 MPa are incompatible with the material MAT_159. In this case the analysis runs out immediately. For the other material types, the vertical resultant force and the minimum principal stress are reported in Figure 2 . The use of MAT_273 leads to a larger stiffness of the model and the analysis stops before the attainment of the material compressive strength, hence this material is not used in the following analyses. The Elastic (MAT_001) and Winfrith (MAT_084-085) materials give the same results in the elastic range, the latter presents a stiffness reduction when the displacements increase. 
Material

CASE STUDY
Different models have been selected and analysed, in order to replicate the tests by Modena and da Porto [24] . This experimental investigation concerns nine hollow-block masonry panels (976×2520×291 mm 3 , b×h×t) loaded at mid-height by means of a horizontal rigid beam. At the top and the bottom the panels are mortared to rigid RC supports, whereas vertical edges are not restrained. Six specimens were constructed with horizontal-hole blocks, the other three specimens were constructed with vertical-hole blocks, thus achieving the masonry compressive strength necessary for arching behaviour. Consequently, out-of-plane strength of vertical-hole blockwork is almost thrice that of horizontal-hole one and is noticeably underestimated by available equations [5] . One of the vertical-hole specimens, FVC1, is considered in the following analyses.
In the numerical simulations have been used both the Elastic and the Winfrith materials, whose main mechanical characteristics are reported in Table 2 . For the finite-discrete models, the mechanical characteristics of the units have been adopted, the tensile strength has been increased so that the tensile failure occurs in the contact interfaces. For the smeared-crack model, the masonry elastic modulus has been used and tensile strength is assumed equal to 20% of compressive strength. As far as the contact interfaces is concerned, the parameters that affect the global response are: the normal failure stress (in tension), the frictional stress limit, the coefficient of friction and the scale factor on default penalty stiffness (penalty factor). As observed in Section 2, the penalty factor is used to calculate the interface stiffness. For this parameter, a default value of 0.1 is recommended in the case of contact between similarly refined meshes of comparably stiff materials. However, according to [7] a value of 0.05 is expected to give reasonable results for masonry walls. To investigate the influence of this factor, three values of the penalty factor are used herein, i.e. 0.02, 0.05, and 0.10. It is noted that this values are the product of two input parameters: SFS (or SFM), which is the scale factor included in the contact card, and SLSFAC, which is the scale factor for sliding interface penalties included in the control card.
The model geometry and the adopted mesh are shown in Figure 3 . With the aim of capturing the stress field across the wall thickness, four finite elements are present in the transversal direction. Top and bottom supports are modelled as rigid bodies, so as the loading central beam. Prescribed horizontal displacements are assigned monotonically to the rigid beam up to 10 mm. NFLS = contact normal failure stress; SFLS = contact frictional stress limit.
(1) Smeared-crack modelling: elastic modulus is that of the masonry. 
Results
Horizontal force resultant versus prescribed displacements are reported in Figure 4 for the numerical models and for the specimen. The models with the Elastic material (M01, M02 and M03) are less stiff compared to the experimental results. A moderate stiffness increase can be obtained increasing the compressive stiffness of the contact interface, i.e. with an increase of the penalty factor (Figure 4a ). However, an increase of the penalty factor leads to deformations that are inconsistent with the experimental ones. The deformed shape and the principal compression stress for models M02 and M03 are reported in Figure 5 . The model M02 present an horizontal crack at mid-height, in agreement with experimental results, while, in the model M03, a sliding occurs at the second course. As shown in Figure 6 , the sliding starts abruptly at about 52 s, when the displacement at mid-height of the wall is about 4.5 mm. In the case of the Winfrith material the increase of the penalty factor produces local stress increments and the earlier termination of the analysis. In fact, models M04, M05 and M06 do not terminate the analysis (Figure 4b ) due to sudden increment of the principal compression stress, as shown in Figure 7 . When the Winfrith material is used in a smeared-crack approach to model the blockwork, but interfaces are still present between masonry and RC frame, these local phenomena are avoided and the global response represents better the actual behaviour (Figure 4c) . The stress distribution along the height of the walls is consistent with an arching behaviour ( Figure 5c ).
As observed, the finite-discrete models with higher penalty factors are not able to provide the maximum strength when the Winfrith material is adopted, whereas the smeared-crack models approximate better the experimental curve. 
CONCLUSIONS
In this paper the out-of-plane response of infill masonry panels is modelled through a discrete-finite element approach. Interfaces are present between masonry units, as well as between blockwork and reinforced-concrete frame. For the sake of comparison a smeared-crack approach has been also used to model masonry.
It is concluded that, when using a finite-discrete method, the stiffness of the contact interfaces is one of the most important parameters affecting the solution, because modifies the global stiffness of the model, if an elastic material is used for the blocks. When a non-linear material is used, in addition to the modification of the model stiffness, a local increment of stress occurs, leading to the earlier termination of the analysis. These shortcomings are avoided in a smeared-crack approach, reproducing better the experimental results, while still resorting to contact surfaces at the interface between masonry panel and surrounding structure.
